Abstract The genus Melicope (Rutaceae) occurs on most Pacific archipelagos and is perfectly suited to study Pacific biogeography. The main goal was to infer the age, geographic origin and colonization patterns of Melicope and its relatives. We sequenced three nuclear and two plastid markers for 332 specimens that represent 164 species in 16 genera of Rutaceae. Phylogenetic reconstruction, molecular dating, ancestral area reconstruction and diversification analyses were carried out. The two main clades (Acronychia-Melicope and Euodia) originated in Australasia and their crown ages are dated to the Miocene. Diversification rates differed among the subclades and were lowest in the Euodia lineage and highest in the Hawaiian Melicope lineage. The Malagasy and Mascarene species form a clade, which split from its SE Asian relatives in the Pliocene/Pleistocene. At least eight colonizations to the Pacific islands occurred. The timing of all colonizations except for the Hawaiian group is congruent with age of the island ages. Australia, New Guinea and New Caledonia have been the source of colonizations into the Pacific islands in the Melicope clade. Melicope shows high dispersability and has colonized remote archipelagos such as the Austral and Marquesas Islands each twice. Colonization of islands of the Hawaiian-Emperor seamount chain likely predates the ages of the current main islands, and the initial colonization to Kaua'i occurred after the splitting of the Hawaiian lineage into two subclades. Wider ecological niches and adaptations to bird-dispersal likely account for the much higher species richness in the Acronychia-Melicope clade compared to the Euodia clade.
Introduction
Due to their geographic isolation, mostly recent volcanic origin and their high endemicity, Pacific archipelagos are particularly interesting for biogeographic and evolutionary studies. Most Pacific islands are of volcanic origin and have never been in direct contact with continental landmasses (Neall & Trewick, 2008) . Pacific islands that consist of continental crust -e.g., New Caledonia and New Zealandhave long been separated from other continental landmasses and elements of their floras and faunas arrived after their isolation (Sharma & Wheeler, 2013) . Colonizers of Pacific islands most likely arrived by means of long-distance dispersal (LDD) events (Nathan et al., 2008) . Different vectors facilitating LDD have been identified; the most common being birds, wind, ocean currents, and driftwood rafts (Donlan & Nelson, 2003; Cowie & Holland, 2006; Wenny et al., 2016) . A 'standard vector' of dispersal has been proposed for many species based on morphological characters (Carlquist, 1967) . However the relationship between morphology and dispersal is difficult to quantify and it has been proposed that multiple or non-standard vectors might account for LDD events (Higgins et al., 2003; Nathan et al., 2008) . Molecular phylogenetic studies have identified examples of single LDD events across thousands of kilometers (Le Roux et al., 2014) , as well as shorter distance events as stepping-stone dispersals (Harbaugh et al., 2009 ). Since only a small percentage of the Pacific region consists of exposed land, successful colonizations, especially of the more remote islands, can be considered to be extremely rare. Many lineages once thought to represent independent colonizations on a particular archipelago have been shown to be the result of an extensive radiation after a single colonization event. The most notable example being the Hawaiian Lobeliads (Campanulaceae), the largest island radiation of angiosperms (Givnish et al., 2009) . Pacific lineages are mostly of Asian, Australasian or American origin and only a few examples of an African origin are known (Baldwin & Wagner, 2010; Keeley & Funk, 2011) .
Melicope J.R.Forst. & G.Forst. (Rutaceae; Citrus family) and its close relatives (hereinafter the Acronychia-Euodia-Melicope group) occur on most Pacific archipelagos and the group is therefore perfectly suited to study Pacific biogeography and 2 Material and Methods
Taxon sampling & datasets
The taxon sampling of this study was largely based on that of Appelhans et al. (2014a Appelhans et al. ( , 2014b and Holzmeyer et al. (2015) with several additional species mainly from Pacific archipelagos sampled. A total number of 332 specimens, representing 164 species and 16 genera, were included in this study (Table 1) : Melicope (118 out of 235 species and 12 unidentified specimens), Acronychia (24/48), Brombya (1/2), Comptonella (4/8), Dutaillyea (1/2), Euodia (4/6), Maclurodendron (1/6), Medicosma (1/25), Perryodendron (1/1), Picrella (2/3), Pitaviaster (1/1), Sarcomelicope (1/9), Tetractomia (1/6). Dutailliopsis, Boronia section Cyanothamnus, Neobyrnesia and Zieria were the only putative relatives that were not sampled. We sampled throughout the distributional range of Melicope and its relatives with particularly comprehensive sampling of the Pacific species (72/111). One specimen of Boronia (section Boronella (Baill.) Duretto & Bayly) and three specimens of Myrtopsis O.Hoffm. were included as outgroups based on previous phylogenetic studies (Bayly et al., 2013; Appelhans et al., 2014a) .
For the ancestral area reconstructions (AAR) and diversification analyses, a reduced dataset containing only a single specimen for each species was used. For species found to be polyphyletic, one specimen for each evolutionary lineage was included. This dataset contains 166 species/specimens (Table 1 , specimens in bold type).
Molecular lab work and phylogenetic analyses
Our datasets included nuclear markers ETS, ITS and NIAi3 and plastid markers psbA-trnH and trnL-trnF. DNA extraction, PCR amplification, contig assembly, construction of alignments and model selection followed Appelhans et al. (2014b) . All sequences were deposited at EMBL/Genbank (Table 1) . Alignment was straightforward except for the psbA-trnH region which contained many, often large (ca. 100 bp) indels. After excluding bases that could not be aligned with confidence, the psbA-trnH alignment was reduced from 1101 to 509 bp. Phylogenetic reconstructions were conducted with mrbayes 3.2.5 (Ronquist et al., 2012) using the best-fit models of sequence evolution for each marker (Table 2 ) and applying the settings described by Appelhans et al. (2014b) . We checked if effective sample sizes (ESS) were above 200 for all parameters using Tracer 1.6.0 (Rambaut et al., 2014) and discarded 10% of the trees as burnin before calculating a 50% majority rule consensus tree in MrBayes. Clades with posterior probabilities (pp) of !0.95 were considered statistically supported.
Molecular dating analyses
Molecular dating analyses were performed using BEAST v.1.8.4 (Drummond et al., 2012) . The dated maximum clade credibility consensus tree from the reduced dataset was used in the downstream analyses (AAR, diversification analyses).
While Rutaceae have a good fossil record (Appelhans et al., 2012) , no fossils suitable for molecular dating are known for the Acronychia-Euodia-Melicope clade. The oldest fossils possibly belonging to this clade are from the MioceneOligocene boundary in Australia and New Zealand ("aff. Acronychia, aff. Euodia" [Blackburn & Sluiter, 1994] and "? Melicope" [Conran et al., 2014] ) but since they are of uncertain affinity they were not considered further. Other Melicope (sub)fossils (Burney et al., 2001; Kershaw et al., 2007) were not suited because of their young age (Late Pleistocene or Holocene). Fossils formerly assigned to Euodia (Tiffney, 1980, M. makahae 
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Pacific biogeography of Melicope (Rutaceae)1981) represent Tetradium Lour. species, a genus only distantly related to Melicope (Poon et al., 2007) . Since no reliable fossils were available, a secondary calibration was used to constrain the root age. Appelhans et al. (2012) used a dataset including all major lineages of Rutaceae as well as all families of Sapindales for a molecular dating analysis, employing four fossil calibration points. We used the estimated split between Melicope and the Australian Correa Andrews -Philotheca Rudge clade from Appelhans et al. (2012) to constrain the root age in the present study. Myrtopsis, the outgroup taxon in our study belongs to this clade (Bayly et al., 2013) . The prior for the root age was assigned a normal distribution and was truncated to an upper limit of 48.99 Ma (millions of years ago) and a lower limit of 35.61 Ma, reflecting the 95% credibility interval for this split as inferred by Appelhans et al. (2012) .
The models of sequence evolution were set as in Table 2 . Two independent BEAST runs consisted of 50 million generations each with tree sampling every 1000 th generation. A UPGMA starting tree was used, a lognormal relaxed clock was applied and the tree prior was set to the birth-death process. The resulting tree files contained 50 000 trees, and we used LogCombiner v.1.8.4 (Drummond et al., 2012) to resample states at lower frequency and thereby shrinking the resulting tree files to 10 000 trees. Of these, ten percent were discarded as burn-in using LogCombiner, and a maximum clade credibility (MCC) tree was calculated in TreeAnnotator v.1.8.4 (Drummond et al., 2012) after checking if effective sample sizes (ESS) were above 200 for all parameters in Tracer 1.6.0 (Rambaut et al., 2014) .
Ancestral area reconstruction
The BIOGEOBEARS package (Matzke, 2013) implemented in R 3.1 was used for AAR.
Seven areas of endemism were delimited based on clusters of distributions of member species of the clade. These areas are similar to those based on wider assessments of floras of the regions by Takhtajan (1986) . (Fig. 1) .
For the AAR, each specimen was assigned to the distribution area of the species, except for the genera Maclurodendron, Medicosma, Sarcomelicope and Tetractomia and the Melicope sororia T.G.Hartley clade. These taxa each contain between five to 22 species, but only one species each was included in our analyses. We assigned the distribution area of the whole taxon to the sampled specimen in order not to neglect any geographical information. All other genera were represented with species throughout their geographic range. The outgroup taxa Boronia (section Boronella) and Myrtopsis are representatives of large and mainly Australian clades (Kubitzki et al., 2011; Bayly et al., 2013) .
BIOGEOBEARS implements the two most frequently used biogeographic models: the Dispersal-Vicariance (DIVA; Ronquist, 1997) model and the Dispersal-Extinction-Cladogenesis (DEC) model (Ree & Smith, 2008) . In addition, the BAYAREA model is available in BioGeoBEARS, which resembles the Bayesian Binary Model in RASP (Yu et al., 2015) . These three models can be modified by adding a factor "J" for founderevent speciation or jump dispersal (Matzke, 2013 (Matzke, , 2014 and we compared the six models "DIVALIKE", "DIVALIKEþJ", "DEC", "DECþJ", "BAYAREA" and "BAYAREAþJ".
Diversification analyses
Diversification analyses were carried out using BAMM (Bayesian Analysis of Macroevolutionary Mixtures; Rabosky et al., 2014) . To account for incomplete taxon sampling with non-random distribution of missing taxa throughout the phylogeny, all missing taxa were assigned to one of the major clades based on morphological evidence (Hartley, 1974 (Hartley, , 1983 (Hartley, , 1984 (Hartley, , 2001 (Hartley, , 2013 Hartley & Mabberley, 2003) . For this, the dated phylogenetic tree based on the dataset that contains only one sample per species was subdivided into 17 major clades (Table 3 ). The numbers of species per clade are largely different because several clades allowed assigning missing taxa with high confidence (e.g., "CD" clade), whereas the uncertainty to place missing taxa in other clades was higher, resulting in a broader definition of a group (e.g., "Le" clade). For each clade, the percentage of sampled species was calculated and used as input for BAMM (Table 3) . As a control to evaluate the effects of clade sizes, we did a BAMM analysis in which the dataset was split up in only nine clades of similar Table 2 Models of sequence evolution for all single marker alignments (full dataset and reduced dataset for Ancestral Area Reconstruction in BioGeoBEARS and Diversification Analyses in BAMM) estimated using the Akaike Information Criterion (AIC) algorithm in jModeltest 2.1.7 (Darriba et al., 2012) trnL-trnF ITS ETS psbA-trnH NIAi3 All BAMM analyses consisted of four Markov chain Monte Carlo (MCMC) chains, which were run for 10 million generations, with all other settings left at their defaults. The visualization of the results was done using the R-package 'BAMMtools' (Rabosky et al., 2014) .
Results

Phylogeny & molecular dating
The phylogenetic reconstructions are congruent with Appelhans et al. (2014a Appelhans et al. ( , 2014b and Holzmeyer et al. (2015) and are not described or discussed in detail here. The Acronychia-Melicope clade shows the same four main clades as described by Appelhans et al. (2014a) , and also the sister relationships of Acronychia-Melicope with Medicosma, and of Acronychia-Melicope-Medicosma with Tetractomia are supported (Figs. 2, S1 ).
The results of the BEAST analyses were congruent with the MrBayes analysis. BEAST analyses based on the full dataset and the smaller dataset, which included one specimen per species were nearly identical except for the root age. The root age of the full dataset was estimated to 35.6 Ma, while that of the smaller dataset was 49.1 Ma and the credible intervals did not overlap. However, all age estimates concerning the ingroup showed differences of less than 1 Myr in the two Pacific biogeography of Melicope (Rutaceae)datasets and only the age estimates of the full dataset are described here. The oldest fossils that might belong to the Acronychia-Euodia-Melicope group were not included in our analyses because of their unclear affinities, but their ages are congruent with our molecular dating results that suggest an origin of the main lineages in the Late Oligocene to Mid Miocene. This is congruent with other molecular dating analyses in the order Sapindales (Manafzadeh et al., 2014; Koenen et al., 2015; Muellner-Riehl et al., 2016) .
The BEAST analyses (Fig. 2) supported the tree topology of the Bayesian phylogenetic reconstruction (Fig. S1 ). The Euodia clade dated back to Mid or Early Miocene with a crown age of 17.3 Ma (credibility interval: 12.1-24.6 Ma). The crown age marked the split between Perryodendron from the remainder of the Euodia clade. Euodia (including Pitaviaster, Brombya and Melicope vitiflora) was also estimated to be of Miocene origin (mean: 14.1 Ma; credibility interval: 9.6-19.5 Ma).
The BEAST analysis supported Melicope and Acronychia as close relatives and sister to Medicosma, and this clade was then sister to Tetractomia. The Acronychia-MedicosmaMelicope-Tetractomia clade started to diversify in the Late Oligocene or Early Miocene (20.7 Ma; Ma) and the Acronychia-Medicosma-Melicope clade diversified later (15.9 Ma; . Acronychia was nested within Melicope in the BEAST MCC tree, but statistical support was lacking (0.86 pp) and the clade dated from the Early to Late Miocene (14.8 Ma; 10.6-19.8 Ma).
There were four main clades in the Acronychia-Melicope group (¼clades 1 to 4 in Figs. 1, 2 ). Clade 1: Melicope section Pelea (A.Gray) Hook.f. p.p., the former genus Platydesma, as well as two clades of Melicope section Melicope p.p., was estimated to have originated in the Late or Mid Miocene (12.3 Ma; . Clade 2: section Lepta (Lour.) T.G. Hartley, was slightly younger (9.6 Ma; 6.2-14.1 Ma). Clade 3: Acronychia and Maclurodendron, dated to the Late Miocene or Early Pliocene (4.9 Ma; 3.1-8.1 Ma). Within the Acronychia-Maclurodendron clade, all early-branching clades were Australian taxa, while all New Guinean and Malesian species belonged to one clade that was estimated to the Pliocene to Early Pleistocene (2.5 Ma; 1.5-4.1 Ma). Clade 4: Melicope sections Melicope p.p. and Vitiflorae T.G.Hartley p.p., Sarcomelicope and several New Caledonian genera, had a similar age as the species-rich clades 1 and 2 (9.9 Ma; 6.1-15.1 Ma).
The ages of several geographic clades were of particular interest. The Malagasy and Mascarene species were monophyletic within clade 2 with an origin in the Pliocene or Early Pleistocene (2.8 Ma; 1.7-4.4 Ma). Within this clade, the specimens from La R eunion and Mauritius formed a clade, which was dated to the Pleistocene (0.8 Ma; 0.3-1.7 Ma). Clade 4 contained a high proportion of taxa from New Caledonia. All New Caledonian subclades are dated to the Mid Miocene to Early Pliocene.
The Hawaiian clade that also contained all species from the Marquesas Islands had a stem age from the Mid or Late Table 3 Definitions of clades specified in the BAMM analysis and the numbers and percentages of included and missing taxa. For the exact placement of the clades in the phylogenetic trees, see Fig. 4 Clade 
Ancestral area reconstruction
The comparison of the six available methods revealed that the DECþJ model suited our dataset the best. Adding jump dispersal (J) increased the likelihood of the AAR in all cases (DEC, DIVALIKE, BAYAREA) ( Table 4) . The AAR clearly identified Australasia (area D) as the geographic origin of both the Acronychia-Melicope clade and the Euodia clade (Fig. 1) . Within the Euodia clade, only the widespread species E. hortensis J.R.Forst. & G.Forst. colonized areas outside Australasia, and it is also found in the South Pacific area F.
The Acronychia-Melicope clade showed a more complex biogeographic pattern. In clade 1 (Fig. 1) , the Hawaiian lineage was sister to the remainder of section Pelea, and our results suggested an origin of the Hawaiian lineage from an Australasian ancestor (colonization number 1 in Fig. 3) . A second lineage from clade 1, containing species from Pohnpei, Samoa, Wallis & Futuna, Tonga and Niue (number 2 in Fig. 3 ) dispersed eastward. Clade 2 (Fig. 1) did not disperse far into the Pacific Ocean and only three species colonized Fiji, Tonga and Samoa (numbers 7 to 9 in Fig. 3 ). Members of clade 2 also colonized the North Pacific. The widespread Melicope denhamii (Seem.) T.G.Hartley reaches its northern limit in the Philippines and is also found on Palau and Pohnpei (numbers 3 and 6 in Fig. 3) . A second lineage colonized Palau and the Ogasawara and Volcano Islands, respectively (numbers 4 and 5 in Fig. 3) . A larger lineage colonized Malesia (area C) and mainland southern Asia (area B) as far west as southern India and Sri Lanka. This lineage gave rise to the Malagasy and Mascarene species (area A). Clade 3 (Fig. 1) was of Australasian origin and most of the species are endemic to New Guinea and Australia. Only two lineages extend from Australasia. These are: A. trifoliolata Zoll. & Moritzi, which reaches its westernmost distribution in Java, and the A. pedunculata Miq. and Maclurodendron clade, which occurs from New Guinea to India and Sri Lanka. Clade 4 contains mostly species from New Caledonia and this clade dispersed into the South Pacific at least twice (numbers 10 and 11 in Fig. 3 ). Both dispersal events led to the colonization of the Society and Austral Islands.
Diversification analyses
The diversification analyses were visualized as a heatmap plotted on the time-calibrated phylogenetic tree and as a lineage-through-time plot (Fig. 4) . The heatmap (Fig. 4A) showed clades in colors according to their relative diversification rates and blue colors indicated low rates, while red colors identified high rates. The lowest relative diversification rates can be observed for the Euodia clade (clades Eu and Pd in Fig. 4 ). Also Tetradium (Te) and Medicosma (Me), the successive sister groups to the Acronychia-Melicope clade, exhibit low relative diversification rates. Medium relative diversification rates characterize the mainly New Caledonian clade (CD, M2, NC, Sa, VP). Medium to higher relative diversification rates are found in the three sister clades (M1, So, Pe) to the Hawaiian taxa and in section Lepta (Le). The highest relative diversification rates were found in two young clades: the Acronychia-Maclurodendron clade (Ac) and especially the Hawaiian clade (Ha).
On average, the lineage-through-time plot (Fig. 4B) showed a relatively constant diversification. This was interrupted by two phases with increased relative diversification rates (marked with orange bars in Fig. 4) . The first phase lasted from about 18 to 14 Ma and marked the timeframe in which the major lineages of the Acronychia-Euodia-Melicope clade originated. The second phase started at about 3.5 to 4 Ma and lasted until now. The major part of the diversification within the Acronychia-Maclurodendron clade (Ac) and the Hawaiian clade (Ha) fell within this phase.
The second BAMM analysis, in which the dataset was subdivided into nine instead of 16 clades, delivered identical results.
Discussion
4.1 Origin and the ages of the Acronychia-Euodia-Melicope group Our ancestral area reconstruction clearly suggests an Australasian origin of the Acronychia-Euodia-Melicope group. Broader phylogenetic studies of Rutaceae showed that Acronychia and Melicope are part of a larger clade of mainly Australasian genera (Groppo et al., 2008; Appelhans et al., 2012; Bayly et al., 2013) and the three successive sister clades to the Acronychia-Euodia-Melicope group are Australasian and mostly endemic to Australia (Bayly et al., 2013) . The reconstruction of Australasia as the geographic origin of the Acronychia-EuodiaMelicope group is therefore not surprising. While species of the Euodia clade and clades 3 and 4 ( Fig. 1 ) are mainly restricted to Australasia, several lineages of clades 1 and 2 moved out of Australasia. In clade 1, three lineages moved out of Australasia. One lineage migrated into Malesia in the Late or Mid Miocene (10.9 Ma; 7.3-15.6 Ma; Fig. 2 ). This lineage consists of M. sororia and putatively five morphologically similar species that have not been sampled. This group colonized an area from Borneo to Hainan (China) and southern India (Hartley, 2001) . The other two migrations relate to Pacific lineages, which will be discussed in the next section. The westward migration from Australasia in clade 2 (Fig. 1) is more complex, however, the number and timing of these migrations cannot be determined with confidence because of low statistical support of several subclades and the present low sampling of species from Sumatra and the Philippines. Clade 2 contains at least two well-supported subclades mainly from Malesia and mainland SE Asia. Their divergences from the Australasian lineages are dated to the Late Miocene to Pliocene (6.0 Ma; 4.1-8.4 Ma; and 4.9 Ma; 3.5-6.7 Ma; Fig. 2 ). The slightly younger subclade also contains the Malagasy and Mascarene species of Melicope. The closest relatives of these species are M. glomerata (Craib) T.G.Hartley and M. vicitina (Wall. ex Kurz) T.G.Hartley from mainland SE Asia and the split of the Malagasy and Mascarene lineage from these two species was dated to the Pliocene (3.4 Ma; 2.0-5.0 Ma; Fig. 2 ). This disjunction is one of the many examples of biogeographic connections of tropical Asia and Madagascar (Schatz, 1996) . Fig. 4 . Results of the diversification analyses. The lineage-through-time plot is displayed with time in millions of years on the x-axis and relative diversification rates on the y-axis. Two epochs with major shifts in diversification rates are highlighted in orange (B). The branches in the phylogenetic tree are colored by their relative diversification rates, and red/orange colors represent high diversification rates whereas blue colors indicate low diversification rates. See Table 3 for definitions of the clade names (A).
